Interpretation of sonic logging data acquired in environments with complex anisotropy is a difficult problem attracting the attention of researchers and the oil industry. The capability for fast and accurate numerical modeling is needed to better understand the physics of wave propagation in highly anisotropic medium and be able to explain observations from field data. To address this challenge, we developed an efficient and accurate numerical algorithm for the simulation of sonic logging experiments in a highly anisotropic formation. The basis of the approach is a heterogeneous spectral element method implemented on multi-GPU array applied to the acoustic-elastic wave equation. The approach was designed to simulate wave propagation in 3D arbitrary anisotropic elastic media with attenuation for a constant quality factor via a standard linear solid using the tau-method. Combined with the use of an unstructured grid, the spectral element algorithm enables handling tools in a fluid-filled borehole with surrounding geological models of high complexity. Several log simulations for deviated wells in vertically transverse isotropic formations for monopole, dipole and quadrupole source symmetries were compared with field data. Correspondence between the simulations and field data supports a better understanding of complex wave propagation.
INTRODUCTION
Understanding the physics of wave propagation in general anisotropic formations is a difficult problem. Frequently, analytical approaches cannot handle the problem's complexity. For example, an analytical description of the solution for borehole modes recorded in a deviated fluid-filled borehole (represented as an ideal cylinder) in a vertically transverse isotropic (VTI) formation is not available until now. However, there is a semi-analytical approach based on the spectral method (Zharnikov et al., 2012 ) that allows approximating a solution for mode dispersion.
Thanks to recent advances in numerical techniques and powerful computing resources, it is now possible to handle simulation of problems with anisotropic media within a reasonable time frame and with applicable accuracy. The most widely used approach is probably the finite-difference method (Virieux, 1986; Liu and Sinha, 2003; Lisitsa et al., 2010) . Unfortunately, significant difficulties arise in the presence of inclined layers crossing the borehole or when anisotropy needs to be considered. Pseudospectral methods have become popular, but are restricted to models with smooth variations. The spectral element method was introduced 15 years ago in seismology (Faccioli et al., 1997; Komatitsch and Tromp, 1999) . The effects of anisotropy (Komatitsch et al., 2000a) and fluid-solid boundaries (Komatitsch et al., 2000b) can be accommodated. The method lends itself well not only to parallel computation with distributed memory (Komatitsch and Vilotte, 1998) , but also to multi-GPU (Komatitsch et al., 2010) . The method accurately represents the propagation of guided waves (Charara et al., 2011) and was used for the simulations presented in this paper.
The structure of borehole modes in an anisotropic homogeneous formation is more complex than that in an isotropic one. When referring to monopole (MP) modes (Stoneley, pseudo-Rayleigh) in isotropic formations, we mean modes whose azimuthal solution has only zero order harmonic (n=0); correspondingly, the solution for dipole (DP) modes (flexural) has only the 1 st order azimuthal harmonic (n=1), while the solution for quadrupole (QP) modes has only the 2 nd order azimuthal harmonic (n=2), and so on. In anisotropic formations, the structure of modes becomes more complicated, and the azimuthal solution can be represented as harmonic superposition. Nevertheless, we still continue to call the modes MP, DP and QP. In the case of weak anisotropy, most probably, the n th -pole mode has the azimuthal harmonic of n th order in the solution as the dominant one. So, an n th -pole source centered in a borehole surrounded by an anisotropic homogeneous formation may excite an infinite number of borehole modes (mathematically). However, the energy of the modes is distributed in such a way that only few of them can be detected in experiments with field data.
Understanding wave propagation in such conditions is, therefore, a challenge. To better understand and interpret recorded data, we will model various scenarios for acoustic logging in a fluid-filled borehole surrounded by an anisotropic medium. The models will then be compared to data recorded by commercial tools used today. The data comparison and interpretation will be performed for monopole, dipole and quadrupole mode excitations.
NUMERICAL CODE

Anisotropic viscoelastic equations of motion
The displacement field u produced by a sonic source excitation is governed by the momentum equation
The distribution of density is denoted by U .The stress tensor T is linearly related to the displacement gradient u by Hooke's law, which in an elastic anisotropic solid may be written in the form : . T c u In an attenuating medium, Hooke's law needs to be modified such that the stress is determined by the entire strain history: .
The constant quality factor Q over a bandwidth of frequencies describes, for instance, attenuation of the waves resulting from the viscosity of the drilling mud in the borehole. Such an anelastic rheology may be mimicked by a series of L standard linear solids, in the form Blanch et al. (1995) , simplifies the constitutive relation (2) compared with the one used by Komatitsch and Tromp (1999) , reducing computational efforts and memory. Using the anelastic tensor defined in (2), the constitutive relation (1) 
where the stress tensor T is determined in terms of the displacement gradient u by Hooke's law.
The spectral element method
The key features of the spectral element method discretization are as follows.
As in the finite elements method (FEM), the model volume : is subdivided into a number of non-overlapping The expansion of any function within the elements is accomplished based upon Lagrange polynomials of suitable degree n constructed from n+1 interpolation nodes. In each element, the interpolation nodes are chosen to be the Gauss-Lobatto-Legendre (GLL) points (i.e., the n+1 roots of the first derivatives of the Legendre polynomial of degree n). On such nodes, the displacement, its spatial derivatives, and integrals encountered in the weak formulation are evaluated. The spatial integration is then performed based upon GLL quadrature.
Thanks to this numerical strategy, the exponential accuracy of the method is ensured and the computational effort is minimized because the resulting mass matrix is exactly diagonal. Time-marching of this system of equations may be accomplished based upon an explicit second-order finite-difference scheme, which is conditionally stable and must satisfy the Courant condition.
MODELING AND FIELD DATA COMPARISION
We will first start to model borehole acoustic data recorded in a fluid-filled borehole and then will compare these numerical simulations with field data experiments. Formation properties used in this modeling are presented in Table 1 and are characteristic of shale rocks (Horne et al., 2012) . Analysis, interpretation and comparison between the model and field data will be done using the semblance time coherence algorithm (Kimball and Marzetta, 1984) for estimating slownesses or modes propagating across an array of receivers, while the modified matrix pencil algorithm (Ekstrom, 1995) will be considered for wave dispersion analysis. 
Example 1. Horizontal well, monopole source
This example considers a horizontal well in vertically transverse isotropic formation 1 filled with fluid 1, with the presence of a sonic logging tool, composed of 12 axial receiver levels separated by 0.5 ft, in a 8.5-in borehole. Each axial level includes 8 azimuthal receivers distributed regularly. We first consider monopole excitation with a source function represented by the first derivative of a Blackman-Harris wavelet of 10 kHz central frequency. FIGURE 1. Pressure waveforms, slowness time coherence, slowness dispersion and energy spectra for azimuthally decomposed pressure waveforms with 0 th (right column) and 2 nd (left column) order.
Only even symmetrical modes can be excited for the described problem. Pressure waveforms, slowness time coherence, slowness dispersion and energy spectra for azimuthally decomposed pressure waveforms with 0 th and 2 nd order are represented in Figure 1 . Slowness time coherence processing is applied to modeled waveforms. Arrivals correspond to the input formation slownesses of qP, SH and qSV waves (black dashed lines (Zharnikov et al., 2012) for mode dispersion (Figure 2) demonstrates very good agreement. FIGURE 2. Dispersion curves obtained from numerical results (gray dots) and the semi-analytical solution (blue and red stars correspond to 0 th and 2 nd orders). Figure 3 shows data recorded in a fluid-filled borehole in a horizontal well in a VTI formation. The slowness dispersion plot of the data is on the left; on the right, this plot is overlain with simulation results from Figure 2 . Parameters used in this modeling have been estimated from logs recorded in the well. The reader can refer to Horne et al. (2012) for a description of the methodology used to extract the TI constant of this data. Horizontal lines in the dispersion plot represent non-dispersive head waves. The dots forming curve 1 may be interpreted as the 1 st pseudoRayleigh mode, while curve 2 corresponds to the 2 nd QP mode. 
Example 3. Horizontal well, monopole and quadrupole source
We now consider the model of a horizontal well in a VTI formation 2 filled with fluid 2, in the presence of a sonic logging tool for a monopole and quadrupole excitation. Borehole diameter is 6.75 in. The source function is a first derivative of the Blackman-Harris wavelet with a 10 kHz central frequency for monopole and 5 kHz for quadrupole excitation. To record the propagating signal, 12 axial receiver levels, with 1/3-ft spacing, are located in a borehole fluid 7 ft apart from the source. Each axial level includes 8 azimuthal receivers distributed regularly.
Waveforms, slowness time coherence and slowness dispersion plots for both numerical simulation and field data experiments for monopole excitation and monopole azimuthal decomposition are represented in Figure 5 . The slowness time coherence plot of the simulated result shows SH and qSV arrivals corresponding to input slownesses. In the same plot from field data, more than three arrivals are observed. The arrival at approximately 160 us/ft may be interpreted as an SV wave because the dispersion plot shows a horizontal curve close to slowness 160 us/ft . However, from the modeling results, it is possible to conclude that this curve can be 2 nd QP mode. Figure 6 compares slowness dispersion for numerical simulation and a field data experiment for quadrupole excitation. There are two quadrupole modes-symmetrical and asymmetrical. However, they are not observable in the field data. The simulation shows that dispersion of the modes is very similar (Figure 7) . 
CONCLUSION
To address problem of sonic logging simulation in highly anisotropic media, we developed an efficient and accurate numerical algorithm based on a heterogeneous spectral elements method implemented on multi-GPU. We have presented several examples of simulated data demonstrating components of wavefields that are more complex compared to well-studied problems of wave propagation in isotropic and VTI formations. Comparison of simulation results with field data experiments shows correspondence in observed events. This correspondence indicates that there is a possibility of registering the complex structure of wavefields acquired in anisotropic formations and interpreting them correctly.
